The kinase cyclin B-Cdk1 complex is a master regulator of M-phase in both mitosis and 13 meiosis. At the G2/M transition, cyclin B-Cdk1 activation is initiated by a trigger that 14 reverses the balance of activities between Cdc25 and Wee1/Myt1, and is further 15 accelerated by autoregulatory loops. In somatic cell mitosis, this trigger was recently 16 
Introduction 25
Activation of cyclin-dependent kinase 1 complexed with cyclin B (cyclin B-Cdk1) 26 induces entry into M-phase during somatic cell mitosis and germ cell meiosis [1] [2] [3] . Cyclin 27 B-Cdk1 is regulated by synthesis and degradation of cyclin B, and by inhibitory 28 phosphorylation of Cdk1 at Thr14 and Tyr15. These residues are phosphorylated by 29 kinases belonging to the Wee1/membrane-associated tyrosine/threonine 1 (Myt1) 30 family, but dephosphorylated by cell division cycle 25 (Cdc25) 4 . Cyclin B accumulates 31 before and/or during M-phase entry. However, Wee1/Myt1 activity is dominant over 32
Cdc25 activity before M-phase; therefore, cyclin B-Cdk1 remains inactive due to 33 inhibitory phosphorylation. At M-phase entry, a small population of cyclin B-Cdk1 is 34 first activated by a trigger that reverses the balance between Cdc25 and Wee1/Myt1 35 activities, thereby making Cdc25 activity predominant. Thereafter, cyclin B-Cdk1 itself 36 further accelerates dephosphorylation of Cdk1 via feedback loops, leading to maximal 37 activation [4] [5] [6] [7] [8] . Although the molecular identity of the trigger of cyclin B-Cdk1 activation 38 has received great attention, it remains elusive. 39
In mitotic M-phase entry (G2/M transition), the trigger may be affected by various 40 factors, such as checkpoints 5, 9, 10 , and may involve redundant or stochastic processes 5, 9 . 41
At least in normal mitotic cell cycles, polo-like kinase 1 (Plk1) is activated by Aurora A 42 in a cyclin A-Cdk1-dependent manner, and in turn phosphorylates Cdc25 to trigger 43 activation of cyclin B-Cdk1 11-13 . Consistently, the cyclin A-Cdk1/Plk1 axis functions as 44 the trigger for cyclin B-Cdk1 activation in the first embryonic cell division cycle 14 . 45
In contrast with mitotic cell cycles in proliferating somatic cells, meiotic cell 46 cycles in animal oocytes mostly arrest at prophase of meiosis I (prophase-I), which 47 corresponds to late mitotic G2 phase 15 . Release from this arrest is also induced by cyclin 48 B-Cdk1, which is activated downstream of extracellular hormonal stimuli 16 ; hence this 49 is known as the meiotic G2/M transition. However, this transition has not been reported 50 to require cyclin A [16] [17] [18] [19] [20] [21] . Furthermore, Plk1 14,22,23 and Aurora 24-26 are non-essential in 51 some oocytes. Thus, mechanisms other than the cyclin A-Cdk1/Plk1 axis likely trigger 52 cyclin B-Cdk1 activation at the meiotic G2/M transition in oocytes. 53
In vertebrate oocytes, meiotic G2 arrest requires cAMP-dependent protein kinase 54 A (PKA), and downregulation of this kinase leads to meiotic G2/M transition 16, 20, 27, 28 . 55
In mice, PKA appears to directly upregulate Wee1B and downregulate Cdc25; however, 56 it remains unclear how downregulation of PKA reverses the balance between Wee1B 57
and Cdc25 activities to trigger cyclin B-Cdk1 activation 29 . In Xenopus, the hormone 58 progesterone stimulates protein synthesis of Moloney sarcoma oncogene (Mos) and 59 cyclin B, which redundantly trigger cyclin B-Cdk1 activation 30 . This redundant process 60 is possibly mediated in two manners: activating phosphorylation of Cdc25 by 61
Mos/mitogen activated protein kinase (MAPK) cascade, and inhibitory phosphorylation 62 of Myt1 by newly synthesized cyclin B-associated Cdk1 23 . However, the molecular link 63 between downregulation of PKA and de novo protein synthesis of Mos and cyclin B 64 remains elusive 31, 32 . 65
In contrast with vertebrate oocytes, the mechanisms by which activation of cyclin 66 B-Cdk1 is triggered at the meiotic G2/M transition have been well studied in 67 invertebrate starfish oocytes since the existence of a trigger kinase was first 68 reported 16, 21, 33 . In starfish, cAMP and PKA are likely not involved in meiotic G2 69 arrest 34 . The physiological maturation-inducing hormone 1-methyladenine (1-MeAde) 70
induces the meiotic G2/M transition 35 without a requirement for new protein synthesis 36 . 71
Cyclin A, Wee1, and Mos are not present, and Aurora and Plk are not required for 72 cyclin B-Cdk1 activation, in the meiotic G2/M transition 14, 19, 25, 37 . In unstimulated 73 oocytes, cyclin B is already accumulated 38 , but Myt1 inactivates cyclin B-Cdk1 39 . 74
Stimulation by 1-MeAde is mediated by an unidentified cell surface G-protein-coupled 75 receptor (GPCR), which induces dissociation of Gβγ from Gαi on the plasma 76 membrane [40] [41] [42] [43] . Gβγ binds to and activates phosphoinositide-3-kinase (PI3K), resulting 77 in production of phosphatidylinositol 3,4,5-triphosphate (PI-345P 3 ) 44 Here, we carefully evaluated whether Akt and SGK play redundant roles in the 106 meiotic G2/M transition in starfish oocytes. We showed that SGK is necessary and 107 sufficient for the initial phosphorylation of Cdc25 and Myt1 to trigger cyclin B-Cdk1 108 activation upon 1-MeAde stimulation. By contrast, although contradictory to our 109 previous report 39 , inhibition of Akt did not affect the meiotic G2/M transition. Several 110 experiments supported the importance of SGK, rather than of Akt. This discrepancy is 111 discussed. Furthermore, as upstream pathways, we found that PI3K and the atypical 112
Gβγ pathway cooperatively activate SGK. All these observations clearly explain the 113 insufficiency of the PI3K-Akt pathway. Thus, our findings indicate that SGK is the 114 trigger kinase at the meiotic G2/M transition in starfish oocytes, and provide new 115 insights into SGK activation. 116
Results

117
A newly generated phospho-specific antibody detects A-loop phosphorylation of 118 endogenous starfish Akt (sfAkt) 119
In previous studies 47, 48 , we monitored phosphorylation of the HM by immunoblotting as 120 a marker of starfish Akt (sfAkt) activity because attempts to generate an antibody that 121 detects the phosphorylated A-loop were unsuccessful. Nevertheless, it is important to 122 analyze A-loop phosphorylation to precisely evaluate Akt activation. Thus, we again 123 attempted to generate a phospho-specific antibody against a 17-amino acid 124 phospho-peptide derived from the A-loop of sfAkt that includes phospho-Thr at the site 125 of phosphorylation by PDK1 (Fig. 1a) . In immunoblot analysis of whole-oocyte 126 samples using this antibody, phosphorylation of sfAkt was detectable following 127 1-MeAde stimulation only when Akt was overexpressed (Fig. 1b, closed arrowhead) . 128
When endogenous Akt was concentrated by immunoprecipitation using an antibody 129 raised against a C-terminal fragment of sfAkt (anti-sfAkt-C antibody), the 130 anti-phospho-A-loop antibody detected a band at the same size as Akt after 1-MeAde 131 stimulation (Fig. 1c for input and flow-through, d for precipitate, closed arrowhead). 132
The band disappeared upon treatment with the PDK1 inhibitor BX795 (Fig. 1d, The phospho-A-loop antibody detected another band that migrated slightly slower (~60 139 kDa) than Akt (Fig. 1b, c, open arrowhead) . This band was still observed in 140 flow-through samples in which Akt had been removed by immunoprecipitation (Fig. 1c,  141 open arrowhead) and disappeared in the presence of BX795 (Fig. 1c, open arrowhead) . 142
Thus, we speculated that the band corresponds to PDK1-dependent A-loop 143 phosphorylation of a kinase other than Akt. 144
In parallel with our research, Hosoda et al. found that starfish SGK (sfSGK) is 145 activated after 1-MeAde stimulation in starfish oocytes in a study of intracellular pH 146 regulation as shown in the accompanying paper 54 . They isolated a cDNA encoding 147 sfSGK and collaborated with us to generate an anti-sfSGK neutralizing antibody raised 148 against a C-terminal peptide of sfSGK including the HM (anti-sfSGK-C antibody). A 149 predicted molecular weight of sfSGK is 56 kDa, and eleven of the seventeen residues in 150 the antigen peptide used to raise the anti-phospho-A-loop antibody against sfAkt are 151 conserved in the A-loop of SGK (Fig. 1a) . Thus, the other band detected by the 152 anti-phospho-A-loop antibody may correspond to A-loop phosphorylation of SGK. The 153 mobility of this band was the same as that of the top band of SGK detected by the 154 anti-sfSGK-C antibody in 1-MeAde-treated oocytes (Fig. 1e, open arrowhead) . In 155 addition, the band disappeared after depletion of SGK from oocyte extracts (Fig. 1f) , 156 whereas it was detected in a sample of immunoprecipitated SGK (Fig. 1f) and may therefore play a redundant role in 1-MeAde signaling. We next analyzed the 162 dynamics of SGK activation in starfish oocytes in detail. As previously reported 48 , 163 phosphorylation of Akt in the HM and phosphorylation of Cdc25 at Ser188 were 164 detected within 2 min after 1-MeAde addition (Fig. 1g) . SGK was activated at a similar 165 time (Fig. 1g, pA-loop) . Thereafter, Tyr15 of Cdk1 was dephosphorylated, which is 166 indicative of cyclin B-Cdk1 activation (Fig. 1g, 12 min and later) . In mammalian cells, 167 SGK is activated by phosphorylation of its A-loop and HM, which is catalyzed by 168 PDK1 and mTORC2, respectively 52, 53 . In addition, A-loop phosphorylation depends on 169 HM phosphorylation 52 . In starfish oocytes, a mobility shift of SGK was still observed 170 even when A-loop phosphorylation was abolished by BX795 (Fig. 1c) (Fig. 1h) . In these oocytes, A-loop phosphorylation of SGK was also 175 abolished (Fig. 1h) . Therefore, A-loop phosphorylation of SGK likely depends on 176 TORC2-dependent HM phosphorylation in starfish oocytes, as reported in mammalian 177
cells. 178 179
SGK, but not Akt, is required for the meiotic G2/M transition 180
Next, we examined the involvement of Akt and SGK in the meiotic G2/M transition. To 181 this end, we specifically inhibited each kinase using antibodies. Non-specific bands 182
were detected by immunoblotting of starfish oocytes with the anti-sfAkt-C antibody 183 (Fig. 2a ), but were not immunoprecipitated by this antibody (Fig. 2a) . This indicates 184 that the anti-sfAkt-C antibody does not interact with these non-specific proteins in 185 non-denaturing conditions. In addition, although immunoprecipitates obtained using the 186
anti-sfAkt-C antibody contained a trace amount of SGK (Fig. 1d , SGK with long 187 exposure), this was not due to cross-reaction of SGK with this antibody because a 188 similar amount of SGK was detected in a control precipitation obtained using a control 189 IgG (Fig. 1d , SGK with long exposure). Furthermore, the amount of SGK was not 190 reduced in extracts after immunoprecipitation of Akt (Fig. 1c) . These observations 191 confirm the specificity of the anti-sfAkt-C antibody. The anti-sfSGK-C antibody 192 specifically detected SGK by immunoblotting (Fig. 1e ). In addition, the protein level of 193
Akt remained constant before and after depletion of SGK using this antibody (Fig. 1f) , 194 confirming the specificity of the anti-sfSGK-C antibody. We next examined the effect of microinjection of these antibodies on the meiotic 209 G2/M transition. Oocytes were injected with the anti-sfAkt-C antibody and then treated 210 with 1-MeAde. As a marker of the meiotic G2/M transition, we monitored germinal 211 vesicle breakdown (GVBD), which is equivalent to nuclear envelope breakdown in 212 somatic cells. Surprisingly, GVBD occurred as normal in these Akt-inhibited oocytes 213 (Fig. 2f) . By contrast, microinjection of the anti-sfSGK-C antibody suppressed GVBD 214 in a dose-dependent manner (Fig. 2g) , suggesting that SGK, but not Akt, is required for 215 the meiotic G2/M transition. 216
We previously reported that microinjection of an anti-sfAkt antibody inhibits the 217 meiotic G2/M transition 39 . The antibody used in that previous study was raised against 218 an 88-amino acid C-terminal fragment of sfAkt. In the present study, there were no 219 stocks of the antiserum left and therefore we used an antibody purified from an 220 antiserum raised against the same fragment of sfAkt in another rabbit. Thus, the 221 specificity of the previously used antibody may differ from that of the presently used 222
antibody. In addition, 33 of the 88 residues in the antigen peptide are conserved in 223 sfSGK and therefore the previously used antibody may have cross-reacted with sfSGK 224 and consequently inhibited SGK as well as Akt. Check of the specificity of this 225 antibody was limited during our previous study because we lacked an anti-sfSGK 226 antibody and phospho-specific antibodies against both sfAkt and sfSGK at that time. 227
228
SGK directly phosphorylates Cdc25 and Myt1 to trigger cyclin B-Cdk1 activation 229
To trigger activation of cyclin B-Cdk1, we previously demonstrated that Cdc25 and 230
Myt1 are activated and inactivated, respectively, by phosphorylation of Akt/SGK 231 consensus motifs, which correspond to multiple sites including Ser188 in Cdc25 (ref. Ser188 and Myt1 at Ser75 was inhibited by injection of the anti-sfSGK-C antibody (Fig.  235 2d), but not by injection of the anti-sfAkt-C antibody (Fig. 2b) . Furthermore, in 236
Phos-tag SDS-polyacrylamide gel electrophoresis (PAGE) analysis, which emphasizes 237 the mobility shifts of phosphorylated proteins, the upward shifts of Cdc25 and Myt1 238 after 1-MeAde stimulation were completely inhibited by the anti-sfSGK-C antibody, 239
but not by the anti-sfAkt-C antibody (Fig. 3a) . This suggests that the regulatory 240 phosphorylation of Cdc25 and Myt1 to trigger activation of cyclin B-Cdk1 depends on 241 SGK, but not on Akt. 242
To investigate whether SGK directly phosphorylates Cdc25 and Myt1, in vitro 243 phosphorylation experiments were performed using recombinant proteins. Attempts to 244 prepare active recombinant sfSGK were unsuccessful; therefore, we used commercially 245 available recombinant human SGK3 (hSGK3), which is the best related to sfSGK 246 among the three isoforms of human SGK. Ser188 of starfish Cdc25 (sfCdc25) was 247 phosphorylated upon incubation with hSGK3 (Fig. 3b) . In addition, the mobility shift 248 was still observed when Ser188 of sfCdc25 was substituted with Ala ( Fig. 3b) , 249
suggesting that hSGK3 directly phosphorylates sfCdc25 at multiple residues including 250
Ser188. This is consistent with the fact that sfCdc25 has five Akt/SGK consensus motifs. 251 hSGK3 also phosphorylated Ser75 of starfish Myt1 (sfMyt1), leading to a slight 252 mobility shift (Fig. 3c) . Consistent with the fact that sfMyt1 has only one Akt/SGK 253 consensus motif, the mobility shift of sfMyt1 was not observed when Ser75 was 254 substituted with Ala (Fig. 3c) , suggesting that Ser75 is the only site phosphorylated by 255 hSGK3 in sfMyt1. These results suggest that Cdc25 and Myt1 are direct substrates for 256 SGK in starfish oocytes. 257
The importance of SGK in 1-MeAde signaling was further supported by 258 experiments using oocyte extracts. A GST-conjugated Akt/SGK substrate peptide 259 (GST-AS peptide), which contained an Akt/SGK consensus motif, was incubated in 260 oocyte extracts. Thereafter, phosphorylation of the peptide was evaluated by 261 immunoblotting with an anti-pan-phospho-Akt/SGK substrate antibody. The GST-AS 262 peptide was not phosphorylated in the extract of unstimulated oocytes, but was 263 phosphorylated in the extract of 1-MeAde-treated oocytes (Fig. 4a, b) . This 264 phosphorylation of the GST-AS peptide was not affected by immunodepletion of Akt 265 (Fig. 4c for confirmation of Akt depletion and d, e for activity), but was abolished upon 266 depletion of SGK (Fig. 4f for confirmation of SGK depletion and g, h for activity). 267
These results suggest that SGK is a major kinase activated after 1-MeAde stimulation 268 and phosphorylates the Akt/SGK consensus motif in starfish oocytes. 269
Taken together, these observations support the conclusion that SGK, but not Akt, 270
is required for the regulatory phosphorylation that makes Cdc25 activity dominant over 271
Myt1 activity to trigger cyclin B-Cdk1 activation. domain, which is named the PX domain and PH domain, respectively 51 . Binding of 278 these domains to phosphoinositides on the cellular membrane contributes to activation 279 of these kinases 55, 56 . Membrane targeting of Akt via substitution of the PH domain with 280 a myristoylation sequence results in its activation without extracellular stimulation 39, 47, 57 . 281
To generate constitutively active sfSGK (CA-SGK), we substituted the PX domain of 282 sfSGK with a myristoylation sequence. Furthermore, Thr479, which is the conserved 283 phosphorylation site by TORC2, was substituted with Glu to mimic phosphorylation of 284 the HM. Injection of mRNA encoding CA-SGK into unstimulated oocytes induced 285 GVBD (Fig. 5a ). In these oocytes, the level of A-loop phosphorylation of CA-SGK at 286 GVBD was comparable to that of endogenous SGK after 1-MeAde stimulation (Fig. 5b,  287 c), suggesting that CA-SGK is activated in the absence of 1-MeAde stimulation and that 288 activation of SGK is sufficient to induce the meiotic G2/M transition. 289
We then examined whether CA-SGK expression induces the regulatory 290 were collected at the time point at which 50% of CA-SGK-expressing oocytes exhibited 294 GVBD in the absence of roscovitine (5 h and 45 min in Fig. 5a ). Although expression 295 and A-loop phosphorylation levels of CA-SGK were lower than those of endogenous 296 SGK (Fig. 5d, pA-loop) , phosphorylation of Cdc25 at Ser188 and of Myt1 at Ser75 297 were detectable in these oocytes (Fig. 5d) . Taken together, these findings suggest that 298 activation of SGK is sufficient for the regulatory phosphorylation of Cdc25 and Myt1 to 299 trigger cyclin B-Cdk1 activation. 300
301
SGK is activated by cooperation of the Gβγ-PI3K and atypical Gβγ pathways in 302 starfish oocytes 303
In a previous report 48 , we proposed the existence of an atypical Gβγ pathway that is 304 activated by Gβγ and cooperates with the Gβγ-PI3K pathway to induce the meiotic 305 G2/M transition. Therefore, we examined whether SGK is activated by these pathways. 306
First, we investigated whether SGK is activated by signaling pathways 307 downstream of Gβγ. Expression of exogenous Gβγ induced the meiotic G2/M transition 308 as previously reported 48 , whereas Gβγ-induced GVBD was inhibited by microinjection 309 of the anti-sfSGK-C antibody, but not by injection of the anti-sfAkt-C antibody (Fig.  310   6a) . These findings indicate that signaling from exogenous Gβγ induces the meiotic 311 G2/M transition in a SGK-dependent manner, similar to 1-MeAde stimulation. 312
Consistently, immunoblot analysis showed that SGK was activated upon expression of 313 Gβγ (Fig. 6b) . Furthermore, when Gβγ was expressed in the presence of the Cdk 314 inhibitor roscovitine, thereby avoiding any effect of cell cycle progression on signal 315 transduction, the level of A-loop phosphorylation of sfSGK was comparable to that 316 induced by 1-MeAde (Fig. 6c) , suggesting that sfSGK is activated downstream of Gβγ 317 independently of Cdk activity. However, 1-MeAde-and Gβγ-induced SGK activation 318 was abolished upon inhibition of PI3K by wortmannin (Fig. 6d) , suggesting that 319 activation of sfSGK by Gβγ requires PI3K. 320
Next, to determine whether PI3K activation solely induces SGK activation, 321
CA-PI3K was expressed in unstimulated oocytes. As previously reported 48 , CA-PI3K 322 induced HM phosphorylation of Akt (Fig. 6e) , but not the meiotic G2/M transition. In 323 these oocytes, A-loop phosphorylation of SGK was only detectable by immunoblotting 324 with a long time exposure for acquisition of the chemiluminescent image (Fig. 6e,  325 pA-loop with long exposure, open arrowhead), indicating that activation of PI3K barely 326 induces activation of SGK. 327
Taken together, Gβγ activates SGK in a PI3K-dependent manner, but activation of 328 PI3K alone is insufficient for SGK activation. These observations suggest that Gβγ 329
activates not only PI3K but also another pathway(s), which we call the atypical Gβγ 330 pathway, and that cooperation of the Gβγ-PI3K and atypical Gβγ pathways leads to 331 activation of SGK. 332
As to activation of Akt, CA-PI3K induced HM phosphorylation of Akt (Fig. 6e) , 333 as previously reported 48 . In these oocytes, the anti-phospho-A-loop antibody detected a 334 weak band at the same mobility as Akt by immunoblotting after a long exposure (Fig.  335 6e, pA-loop with long exposure, closed arrowhead) even in whole-oocyte samples. This 336 band disappeared after immunodepletion of Akt from the oocyte extract (Fig. 6e) , 337
showing that it corresponds to A-loop phosphorylation of Akt. Given that the level of 338 1-MeAde-induced A-loop phosphorylation of Akt was below the threshold of detection 339 in whole-oocyte samples (Fig. 1b-d) , Akt is activated more strongly by CA-PI3K than 340 by 1-MeAde. This further indicates that activation of endogenous Akt is insufficient for 341 the meiotic G2/M transition. By contrast, in Gβγ-expressing oocytes, A-loop 342 phosphorylation of Akt was undetectable even in immunoprecipitated Akt samples (Fig.  343 6f, closed arrowhead), although HM phosphorylation was comparable to that in 344 1-MeAde-treated oocytes (Fig. 6c , Akt-pHM in Input). This suggests that Gβγ signaling 345 is insufficient for A-loop phosphorylation of Akt. This finding will be discussed later. 346
Discussion 347
This study showed that SGK is necessary and sufficient for the regulatory 348 (Fig. 7) . These findings clarify the molecular identity of the trigger kinase, Myt1 was undetectable in SGK-inhibited oocytes (Fig. 2) . In mouse oocytes, Cyclin 360 B-Cdk1 activation might be triggered by a phosphatase antagonistic to PKA, rather than 361 by kinases, and it is unclear whether the activity of this phosphatase is regulated at the 362 meiotic G2/M transition 29 . Thus, our present study is the first time that the trigger 363 kinase in oocyte meiosis has been clearly identified. To the best of our knowledge, this 364 is the first report that SGK is involved in M-phase entry. 365
In parallel, Hosoda et al. in the accompanying paper showed that sfSGK is 366 required for the increase in intracellular pH after 1-MeAde stimulation in starfish 367 oocytes 54 . They suggested that the increase in intracellular pH is not involved in cyclin 368 B-Cdk1 activation, but is required for progression of GVBD after full activation of 369 cyclin B-Cdk1 in ovarian oocytes. The functions of SGK have been mainly studied in 370 mammalian cells, which express three SGK isoforms: SGK1, SGK2, and SGK3
. 371
Although mammalian SGKs are reportedly involved in various processes, such as cell 372 survival, stress responses, and tumorigenesis, in somatic cells 58, 59 , their functions in 373 germ cells remain unclear. To the best of our knowledge, studies presented here and in 374 the paper by Hosoda et al. 54 are the first indication of the functions of SGK in germ 375
cells. 376
Among the three mammalian SGK isoforms, only SGK3 contains a regulatory 377 domain, called the PX domain, N-terminal to the kinase domain 51, 60 . sfSGK also has a 378
PX domain and is therefore likely an ortholog of mammalian SGK3 (ref. 54). The PX 379
domain of mammalian SGK3 binds to phosphatidylinositol 3-phosphate (PI-3P), which 380 is a phosphorylated derivative of phosphatidylinositol (PI) at the 3-position of the 381 inositol ring 56 . This interaction is essential for the localization and activation of SGK3 382 (refs 50,56). PI-3P is generated by dephosphorylation of PI-345P 3 at the 4-and 383 5-positions of the inositol ring 50 . PI3K, which produces PI-345P 3 from PI-45P 2 , is 384 activated in signaling pathways downstream of receptor tyrosine kinases and GPCRs 45 . 385
Thus, production of PI-3P from PI-345P 3 may occur downstream of these receptors. 386
Indeed, a recent report suggested that this mechanism is implicated in activation of 387 SGK3 after stimulation by IGF-1, which is an agonist for a receptor tyrosine kinase 61 . In 388 this context, SHIP2 and INPP4A/B were proposed to be phosphatases for PI-3P 389 production, although the regulatory mechanisms remain elusive 61 . Furthermore, it is 390 unclear whether PI-345P 3 is a source of PI-3P for SGK activation in GPCR-dependent 391 signaling. We previously reported that PI-345P 3 is generated on the plasma membrane 392 after 1-MeAde stimulation in starfish oocytes 48 . This PI-345P 3 may be metabolized to 393 PI-3P for SGK activation. Our present results suggest that the atypical Gβγ pathway 394 cooperates with PI3K to activate sfSGK (Fig. 6) . Thus, we propose that the atypical 395
Gβγ pathway activates phosphatases that produce PI-3P from PI-345P 3 downstream of 396 GPCR-mediated signaling. 397
Another mechanism for PI-3P production is phosphorylation of PI at the 398 3-position, which occurs on early endosomes during intracellular vesicle trafficking and 399 endocytosis 45, 50 . GPCRs are frequently endocytosed after agonist stimulation 62 . Thus, 400
1-MeAde may induce endocytosis, which increases the level of early endosomes. If this 401
is the case, the endocytic pathway may also contribute to activation of SGK in starfish 402 oocytes. Many aspects of these scenarios, such as the dynamics of PI-3P, the 403 localization of SGK, and the molecular identity of the atypical Gβγ pathway, remain 404 unclear. Nonetheless, these working models could be tested in future studies and may 405 help to elucidate the regulatory mechanisms of SGK3 activation in mammalian somatic 406
cells. 407
SGKs and Akt reportedly play redundant roles in some contexts 59 . In starfish 408 oocytes, Akt has been reported to have a potential to trigger cyclin B-Cdk1 activation 39 . 409
Indeed, an excess amount of CA-Akt expression can induce the meiotic G2/M 410 transition 39, 48 . Furthermore, regulatory effects of phosphorylation of the Akt/SGK 411 consensus motifs on Myt1 and Cdc25 activities were originally showed using Akt as a 412 kinase in in vitro experiments 39, 48 . Nonetheless, our present results showed that SGK is 413 predominantly responsible for these phosphorylation in ovo. Contribution of Akt was, if 414 any, undetectable (Fig. 2) possibly due to its weak activation, as supported by low 415 levels of A-loop phosphorylation (Figs. 1) and by the kinase assay using oocyte extracts 416 (Fig. 5) . The role of Akt may be other than the triggering of cyclin B-Cdk1 activation. 417
Even so, we cannot exclude the possibility that Akt makes a significant contribution to 418 the triggering as a redundant kinase with SGK in a limited number of unknown 419 circumstances in which Akt is more abundant than SGK in oocytes. 420
Contrary to our present conclusion, we previously reported that Akt is necessary 421 for the meiotic G2/M transition 39 . In our previous report, in addition to the anti-sfAkt 422 antibody, we also used competitive peptides derived from the A-loop or HM of Akt to 423 inhibit Akt activation. Akt and SGK have common upstream kinases; therefore, peptide 424 competition likely inhibited activation of both Akt and SGK. In the present study, 425 successful generation of anti-phospho-A-loop and anti-sfSGK-C antibodies enabled us 426 to evaluate the specificities of the neutralizing antibodies more precisely. In addition, 427
Akt was dispensable at least in all cases tested in the current study, which used oocytes 428 isolated from six starfish collected at three different areas in Japan. Thus, our current 429 conclusions are more convincing than our previous conclusions. 430
We made some interesting observations regarding activation of Akt. Distinct from 431 SGK, activation of Akt depends on binding of PI-345P 3 to its PH domain 59 . Expression 432 of CA-PI3K, but not of Gβγ, induced A-loop phosphorylation of Akt (Fig. 6e, f) . We 433 previously reported that a comparable level of PI-345P 3 is produced upon 1-MeAde 434 stimulation and Gβγ expression, while CA-PI3K induces a higher level of PI-345P 3 (ref. 435 48). Thus, it is possible that a high level of PI-345P 3 alone can induce Akt activation, 436 whereas a low level of PI-345P 3 requires an additional mechanism to enhance A-loop 437 phosphorylation. In addition, it should be noted that the levels of HM phosphorylation 438 induced by CA-PI3K and exogenous Gβγ were comparable to that induced by 1-MeAde 439 stimulation (Fig. 6c, e) . Thus, the threshold level of PI-345P 3 required for HM 440 phosphorylation may be lower than that required for A-loop phosphorylation. GST-tagged protein, purified using glutathione-Sepharose 4B beads (GE Healthcare), 468 and dialyzed against storage buffer (20 mM PIPES pH 6.8, 200 mM sucrose, and 1 mM 469 DTT). For His 6 -Cdc25 (wild-type or S188A mutant), E. coli strain BL21 (DE3) was 470 transformed with the pET21a construct. Expressed His 6 -Cdc25 were purified from 471 inclusion bodies under denaturing conditions (6 M urea) using Probond-Resin 472 (Invitrogen) and then refolded via stepwise reduction of the urea concentration by 473 dialysis using EasySep (TOMY) for 2 h against Tris-buffered saline (TBS; 50 mM Tris 474 and 150 mM NaCl, pH 7.5) containing 4 M urea, for 2 h against TBS containing 2 M 475 urea, and for 2 h against TBS lacking urea. To prepare the recombinant GST-fused AS 476 peptide (AGRPRAATFIESG), E. coli strain BL21-CodonPlus-RIL (Agilent 477
Technologies) was transformed with the pGEX-4T-1 construct. The expressed GST-AS 478 peptide was purified using glutathione-Sepharose 4B and dialyzed against 479 phosphate-buffered saline (137 mM NaCl, 2.68 KCl, 10 mM Na 2 HPO 4 , and 1.76 mM 480 KH 2 PO 4 , pH 7.4). A recombinant C-terminal 88-amino acid fragment of sfAkt was 481 prepared as previously described 39 . 482 483 Antibody generation. Antibodies were generated by immunizing rabbits (Biologica) 484 and then purified using antigens. Antigens used for immunization and antibody 485 purification were a phospho-peptide of the A-loop of sfAkt (Thr304-Pro320, 486 phosphorylated at Thr315) for the anti-phospho-A-loop antibody, a C-terminal peptide 487 of sfSGK (Ser473-Asp489) for the anti-sfSGK-C antibody 54 , and a C-terminal 488 88-amino acid fragment of sfAkt for the anti-sfAkt-C antibody. Control IgG for 489 microinjection or immunoprecipitation was purified from rabbit pre-immune serum 490 using protein A-Sepharose 4B (Sigma). Can Get Signal Solution 2) was used instead of the secondary antibody. Signals were 543 visualized with ECL Prime (GE Healthcare), and digital images were acquired on a 544 LAS4000 mini imager (Fujifilm). Quantitation was performed using ImageJ (National 545
Institutes of Health, USA). Graphs were generated using Microsoft Excel. Brightness 546 and contrast were adjusted using ImageJ. 547 548 Microinjection. Microinjection was performed as described previously 66 . mRNAs for 549 exogenous protein expression in starfish oocytes were transcribed from pSP64-S 550 constructs using a mMESSAGE mMACHINE kit (Ambion), dissolved in water, and 551 Akt from oocytes that had been injected with the anti-sfSGK antibody, extracts were 583 pre-incubated with protein A-Sepharose 4B to remove injected IgG. LSB was added to 584 the input extracts, flow-through extracts, and beads for immunoblot analysis. All 585 samples were then heated at 95°C for 5 min and subjected to SDS-PAGE. To prepare 586 mock-, Akt-, and SGK-depleted extracts for the GST-AS peptide kinase assay, 587 freeze-thawed oocytes in ASW (5 oocytes/µl of ASW) were lysed by adding 6.5 588 volumes of lysis buffer. The extract was then prepared as described above and mixed 589 with beads bound to control IgG, the anti-sfAkt-C antibody, or the anti-sfSGK-C 590 antibody. After incubation at 4°C for 45 min, the supernatant was analyzed by 591 immunoblotting or used for the GST-AS peptide kinase assay. were lysed by adding 6.5 volumes of lysis buffer and then incubating samples on ice for 603 30 min, followed by gentle vortexing. Lysates were centrifuged at 20 k × g at 4°C for 604 15 min. The supernatant was used for the kinase assay. Mock, Akt-, and SGK-depleted 605 extracts were prepared as described above. For the kinase assay, a reaction mixture 606 containing the GST-AS peptide as a substrate (80 mM β-glycerophosphate, 15 mM 607 MgCl 2 , 20 mM EGTA, 10 mM MOPS, pH 7.0, 1 mM DTT, 1× cOmplete EDTA-free, 2 608 mM ATP, 0.5 mM sodium orthovanadate, 1 µM okadaic acid, 0.1 mg/ml GST-AS 609 peptide, and 0.3% NP-40) was added to an equal volume of the extract. After incubation 610 at 30°C, the reaction solution was mixed with LSB, heated at 95°C for 5 min, and then 611 analyzed by immunoblotting. 612 613 Statistical analysis. Statistical significance was calculated using the unpaired one-tailed 614
Student's t-test in Microsoft Excel with StatPlus (AnalystSoft). Statistical significance 615
was defined as p < 0.05. 616 617 Accession numbers. Accession numbers are as follows: LC430700 for sfSGK, 618 AB076395 for sfCdc25, AB060280 for sfMyt1, AB060291 for sfAkt, LC017891 for 619 sfGβ, LC017892 for sfGγ, and LC017893 for the sfPI3K catalytic subunit p110β. 620
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